Speed estimation methods for sensorless induction motor drives can be divided into two types. The first is based on acquiring data about fundamental components of stator currents and voltages. The second is based on the injection of high-frequency signals carried on stator voltages or currents.The latter type allows stable operation around zero frequency,and low speeds, However, besides its complexity, it increases the losses and torque ripple. The former type is difficult to operate at low speeds. In this paper, a modified speed estimation method of the first type is proposed to improve the performance of a sensorless vector controller. The proposed method is based on model reference adaptive control (MRAC) that uses the stator current and rotor flux as state variables for estimating the speed. In this method, the stator current error is represented as a function of first degree of the estimated speed error. Therefore, the proposed method beside offering a four quadrant operation, produces fast speed estimation and is robust to parameter variations. The superiority of the proposed method is verified by simulation.
INTRODUCTION
Induction motor drives have been thoroughly studied in the past few decades and many vector control strategies have been proposed, ranging from low cost to high performance applications. The indirect vector control of an induction motor requires precise speed information.Tberefore, a speed sensor, such as a resolver or an encoder, is usually fixed to the rotor shaft to measure the motor speed. However, a speed sensor increases the cost and requires a data line to be connected between the control system and the motor. Thereby, any signal interference with such data line can adversely influence the operation of the control system. Furthermore, an exact servo control performance is sometimes required in an operating environment where the attachment of a speed sensor is impossible. In order to increase the reliability and reduce the cost of the drive, great effort has been made to eliminate the shafi speed or position sensor in most high performance induction motor drive applications [I-41.
Sensorless vector control that can precisely control an induction motor without a speed sensor has become an important research topic, resulting in the development of various speed estimation algorithms and sensorless control methods. The most commonly 'used algorithm for speed estimation is the model reference adaptive system (MRAS) [ 5 ] . In this algorithm, the rotor flux is estimated from the stator equation (considered to be the reference model, once it does not depend on the speed) and also using the rotor equation ( speed is then obtained by the use of an adaptive law having the cross product of the two estimated signals as inputs. Different ways may be used in this respect. The rotor flux can be used [I], or the back emf [2] to make a reference function, then the motor speed is estimated using model reference adaptive control (MRAC). The performance of these methods deteriorate at low speeds due to the increment of nonlinear characteristic. Speed estimation methods using MRAC are the most commonly used as they are easy to design and analyze [6-91. The most effective would seem to be the rotor flux and back emf-based MRAC methods, however, they are inaccurate at low and zero speeds.
An adaptive flux observer can be constructed from the machine model equation. The model outputs are the estimated values of the stator current vector 4 and the rotor flux linkage vector hr , respectively. Adding an error compensator to the model establishes the observer. The error vector computed from the model current and the machine current is used to generate correcting inputs to the electromagnetic subsystems that represent the stator and the rotor in the machine model.
In terms of classification, the adaptive flux observer schemes could also be treated as MRAS, where the motor is considered as the reference model and the observer is considered as the adaptive model.
The accuracy of the open loop estimation models deteriorates at low mechanical speed. The limit of acceptable performance depends on how precisely the model parameters matche the corresponding parameters of the actual machine. It is particularly at lower speed that parametel. errors have significant influence on the steady state end dynamic performance of the drive system. The robustness against parameter mismatches and signal noise can be improved by employing closed loop observers to estimate the state variables, and the system parameters.
In this paper, a modified speed estimation method using MRAS to improve the performance of a sensorless vector controller is proposed. In this method, the stator current is used as the state variable to estimate the speed. Since the stator current error is represented as a function of estimated speed, the proposed method can provide four quadrant operation and is also more robust to parameter variations compared with other MRAS methods. The proposed method is verified by simulation.
MATHEMATICAL MODEL O F AN IiWUCTION MOTOR SYNCHRONOUS REFERENCE FRAME
Choosing stator current and rotor flux as the state vector, the mathematical model of three-phase squirrelcage induction motor in the synchronous reference frame can be described as:
The electromechanical equation is also given by
where the electromagnetic torque is expressed as;
Assuming the stator applied voltage V is known, and the stator current can be obtained directly via measurements, the flux vector can be obtained by integration as follows
This equation is often called the stator flux observer.
3.

INVESTIGATION O F ' DIFFERENT SENSORLESS STRATEGIES
In this section, two different speed sensorless strategies for three-phase induction motor are investigated to illustrate the main difficulties associated with them. These strategies are the model reference adaptive system (MRAS) and speed observers based on either stator or rotor flux.
Speed Estimation Based on MRAS Schemes
Model reference adaptive system technique is usually applied in order to estimate the rotor speed. It is based on comparing the outputs of two estimator, one is called the reference model and the other is an adjustnble model as shown in Fig. 1 . The outputs of the two estimators may be the rotor flux, back emf or reactive power. The reference model does not involve the quantity to be estimated (the rotor speed or) and is considered as the voltage model. The adjustable model is the current model which is derived from the rotor equation. The error between the two quantities estimated by these models is used to drive a suitable adaptation mechanism to generate the estimated rotor speed; w, which in turn is used, for the developed The model reference approach makes use of the redundancy of two machine models of different structures that estimate the same state variable on the basis of different sets of input variables. Both models are referred to in the stationary reference frame. The first model which is the stator model (i.e. voltage model) serves as a reference model. Its output is the estimated vector (rotor flux, counter back EMF or reactive power) the superscript s indicates that it originates from the stator model. The second model is the rotor model (i.e. current model) which serves as adaptive model. Its output is the estimated vector (rotor flux, counter back EMF or reactive power) the superscript r indicates that it originates from the rotor model. This model estimates the rotor flux, counter back EMF or reactive power from the measured stator current and a tuning signal. This signal is obtained through a proportional-integral (PI) controller ftom a scalar error signal, which is proportional to the angular displacement between the two estimated vectors obtained from the two models. As the error signal E gets minimized by the PI controller, the tuning signal approaches the actual speed of the motor. The rotor model as an adjustable one aligns its output vector with the output vectors of the reference model.
The output signals of the two models (quantities x shown in Fig. 1 ) may be the back emf as shown in Fig.  2 , the reactive power as shown in Fig. 3 , or the rotor flux as shown in Fig. 4 . It should be noted that back emf-based model reference adaptive system lacks robustness at low to zero speeds. Such method, as well as adaptive MRAS forms are all limited by the fact that the back emf vanishes at zero speed. The integration diniculty at this range of low frequency, low speed operation is the main problem of these methods. The analysis of the rotor flux based MRAS is given here. The current model and the adaptive mechanism are described by the following expressions; where Kp and K, are the gains of adaptation mechanism.
A simulation program for a vector-controlled induction motor based on the present analysis is implemented using Matlab/Simulink. A block diagram of this simulation is shown in Fig. 5 , in which the motor speed is estimated by the present technique. The inputs for the drive controller are the reference speed a,, the reference flux 4, and the load torque TL. The outputs are the instantaneous currents, voltages, flux, speed and torque. Figure 6 shows the speed measured from simulation model while Fig 7 shows the motor speed estimated by MRAS. The values of the controller parameters are large, so, the estimated speed is very noisy. Also the motor reaches the steady state with soft starting. The difference between the two curves is clear. Figure 8 shows three-phase currents with good wave form. Figure 9 shows the developed motor torque. Figure 10 shows the rotor flux signals obtained from the voltage model and current model. It is clear that there is small phase error between the two signals. The adaptive controller attempts to' drive this error to zero by aligning the two estimated signals from tbe current and voltage models. The accuracy of the speed estimation is entirely dependent upon the accuracy of the flux estimated from both the voltage and current models 1121. Fig. 8 The three-phase motor currents 
Speed Estimation Based on Adaptive Rlux Observer
An induction motor can be described, in a reference frame rotating with the motor angular velocity, by the following state equations:
A state observer that provides estimates of both stator and Rotor flux is given by the following equation:
When the motor speed is not measured, it is treated as an unknown parameter in the observer. By adding an adaptive scheme for estimating the rotor speed to the observer, both states and unknown parameters can be estimated simultaneously. The adaptive scheme is derived using Lyapunov theory [I I].
Until now; few methods have been proposed for the state observer for induction motor. The only assumption made on the observer gain matrix G is that the poles of the observer are stable. Usually, the poles of the observer are placed such that the observer error decreases faster than the induction motor transients [l-31.
The quantity x in Eqn. I I may be stator flux or rotor flux. So, the speed observer is divided into two types according to which flux is used (rotor flux or stator flux) as follows.
Speed obsewer based on stator flux obsewer
The stator flux observer involving a pure integrator has a problem in the perspective of practicality. A possible dc offset in the measured signal ( v -R , I , ) may saturate the integrator. To avoid such a problem, a band pass filter, having a zero dc gain often replaces the integrals. However, it results in a sacrifice of the performance over the low speed rang. Normally, an observer employing a band pass filter does not perform well below 1Hz range. This inability of the state flux observer in the low frequency introduces a fundamental limitation of speed sensorless. A modified stator flux observer is suggested [lo] , to overcome this problem. In this method the stator flux is estimated as follows;
and is also estimated as follows; jJhs =
+~y y d -k 4 f i , T~-i s d ) l d ( 1 4 )
Then the speed is observed as: MatlablSimulink. The motor performance is studied when the controller is driven using estimated speed based on the modified stator flux observer. The motor response due to a step change in the command speed is used to evaluate the performance in terms of steady state errors and stability. The motor is subjected to step increase and decrease in the reference speed under loading conditions to evaluate its performance. Figure  12 sl~ows the estimated as well as the speed measured from simulation model. The command speed is set initially 150 radis at fill load. After 0.6 second, the speed reference is reduced to 120 radls and then returned to 150 radis after 0.5 second. It is noticed that the rotor speed is accelerated and decelerated smoothly to follow its reference. Figure 13 shows the motor developed torque which correspondingly increase and decrease during the step changes in the reference speed due to the dynamic states. The phase current is illustrated in Fig. 14 Fig. 13 The motor developed torque. where A is the motor parameter matrix and G the observer gain matrix.
The adaptive observer is unstable in a small area in regenerating mode at low speeds. Many researcbers attempted to find out the observer gain which stabilizes the system under any condition. To investigate the stability, the adaptive observer is linearzed around the operating point. And the motor speed is estimated by the followine, adaptive law:
A simulation of the system shown in Fig 5 with the help of Eqns (17) to (19) is carried-out using MatlabISimulink. The motor performance is studied when the controller is driven using estimated speed based on the modified rotor flux observer. Figure 15 shows the estimated speed as well as the speed measured from simulation model. Figure 16 shows the motor developed torque. The motor phase current and its reference is illustrated in Fig. 17 which shows that good orientation with speed sensorless. Fig. 18 shows balanced three-phase current with good performance and waveform.
Pig. 15 The estimated speed and speed measured from simulation model. 
THE PROPOSED SPEED OBSERVER
A new rotor speed estimation method is proposed to improve the performance of a sensorless vector controlled induction motor in low speed range and regenerative mode as shown in Fig. 19 . The proposed observer depends on both MRAS and the previous speed observer which is based on rotor flux. Speed estimation procedure of the proposed method is illustrated by the following analysis,
From the induction motor model depending on the stator current and rotor flux as output states.
The stator current is represented as:
Using the above equations, and estimated instead of measured speed, the stator current is estimated as
The difference in the stator current is obtained as
Mukipling by the rotor flux and adding them together:
By summing the above two equations. 
Lm
The right hand term seems as the term of speed calculation from adaptive observer, so the speed can be calculated from the following equation:
Fig. 19 Configuration of the proposed MARAS
A simulation of the system shown in Fig. 5 with the help of Eqns (20) to (26) is carried-out using MatlabiSimulink. The motor performance is studied when the controller is driven using the proposed speed observer. The response due to speed reverse in the command speed is used to evaluate the performance in terms of steady state errors and stability. Figure 20 shows the estimated speed as well as the speed measured from simulation model. It can be seen that the rotor speed is accelerated and decelerated smoothly to follow its reference value. Figure 21 shows the motor developed torque which correspondingly increase and decrease during the step changes in the reference speed due to the dynamic states. The three phase currents are illustrated in Fig. 22 and show good dynamic response. 
5-CONCLUSION
A four quadrant rotor speed estimation method using MRAC was proposed to improve the performance of a sensorless vector controller. In the proposed method, the stator &rent is used as the state variable for estimating the speed. In conventional MRAC methods, the difference between state variables obtained by reference model and adjustable one has the unclear relationship with the speed estimation error. In the proposed method, the stator current error is represented as a function of the first degree for the error value in the speed estimation. Also, the proposed method is robust to variations in the stator resistance. In particular, the proposed method is extremely robust to variations in the mutual inductance. As a result, the proposed method can produce an excellent speed estimation performance for four-quadrant speed operation.
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